Two-color quantum-well infrared photodetectors ͑QWIPs͒ that are based on electron transfer between coupled QWs suffer from the presence of the shorter wavelength peak at all bias voltages. We investigate this problem in such detectors with 50 or 200 Å AlGaAs barriers between the QW pair. We deduce the absorption coefficient ␣ and photoconductive gain g of the detectors with 50 Å barriers using corrugated QWIPs with different corrugation periods. We find that ␣ has a number of small peaks in its spectrum but its value remains almost constant between 0.1 and 0.2 m Ϫ1 in the 6-12 m range for most experimental conditions. The wavelength dependence of g, which always has a pronounced peak at the shorter detection wavelength, determines the responsivity line shape. These results are attributed to insufficient electron transfer between the coupled QWs and to low tunneling probability of the longer wavelength photoelectrons. A comparison of measured responsivity and calculated absorption spectrum of the detectors with 200 Å barriers indicates that there is significant electron transfer between the coupled wells. Despite efficient electron transfer, these detectors have a shorter wavelength detection peak at all bias voltages because of significant short wavelength absorption in both the QWs.
I. INTRODUCTION
Two-color photodetection has many important applications such as remote temperature sensing, chemical analysis, and target identification and discrimination. 1, 2 For remote temperature sensing, the peak detection wavelength of the detector must switch from one wavelength to another when a variable, such as bias voltage, is changed. Two-color quantum-well infrared photodetectors ͑QWIPs͒ are suitable for this purpose because their peak absorption wavelength and spectral bandwidth can be tailored by varying device and material parameters such as QW width, barrier composition, and barrier thickness. The simplest two-color QWIPs are three-terminal devices with two stacks of multiple QWs ͑MQWs͒. 3, 4 In these detectors, each MQW stack, sandwiched between two heavily doped contact layers, is designed to detect a different wavelength. In detector array applications, such as infrared cameras, each QWIP acts as a pixel. In order to obtain separate optical signal from each detector, it is necessary to keep the middle contact common, and the top and bottom contacts as independent pixel contacts. Focal plane arrays with this contact scheme have serious problems in detector readout electronics. 5 Voltage tunable two-color QWIPs that have one MQW stack between two contact layers are two-terminal devices where the peak detection wavelength can be changed by a bias voltage. These detectors when used with timemultiplexed readout circuits immensely simplify the fabrication of focal plane arrays. Voltage tunable two-color detectors have been proposed in the past based on Stark shift or electron transfer between coupled QWs under an applied bias. The first approach relies on the shift of energy levels under an applied electric field. For MQW structures that contain square QWs, this shift is small since first-order linear shift is forbidden by symmetry. Large Stark shifts have been observed in asymmetric MQW structures with coupled QWs 6 or graded barriers 7, 8 or asymmetric step wells. 9, 10 The second approach is based on transfer of electrons between ground states of coupled QWs under an applied bias V b . The electron transfer process was first observed in MQW structures that had alternately doped QWs. 11 It was later used to demonstrate a voltage tunable two-color modulator 12 and detector. 13 In these QWIPs, the peak detection wavelength can be changed by reversing the polarity of V b . Unfortunately, the shorter wavelength peak is always present for both bias polarities. This makes voltage switching less effective for longer wavelength detection.
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We investigated the origin of this problem in a QWIP structure where each period had a pair of QWs coupled through a 50 Å AlGaAs barrier.
14 This detector, designed for 8.2 and 10.7 m detection, had a V b independent detection peak at 8 m but a voltage tunable cutoff wavelength. The absence of the longer wavelength responsivity peak for V b Ͻ0 V could be due to negligible absorption or low gain. For a better understanding, we extracted absorption coefficient ␣ and photoconductive gain g at 6 and Ϫ6 V bias voltages at temperature Tϭ10 K using corrugated QWIPs ͑CQWIPs͒ with different corrugation periods. [15] [16] [17] Our results at 10 K indicated insufficient electron transfer between the coupled QWs and low tunneling probability of the longer wavelength photoelectrons. In this article, we report on the complete characterization of this detector in the bias range from Ϫ6 to 6 V for temperatures ranging from 10 to 70 K. We also report on the fabrication of a detector with a 200 Å thick AlGaAs barrier between the QW pair and show that electron transfer is significantly enhanced in this detector.
This article is organized as follows. We describe the first QWIP structure and the electron transfer based photodetection mechanism in Sec. II, show responsivity data of CQWIPs in Sec. III, and present the deduced spectra of ␣ and g in Sec. IV. In Sec. V, we design a new detector, show its measured responsivity and calculated absorption spectra, and demonstrate efficient electron transfer between the coupled QWs. We summarize the main results in Sec. VI.
II. DETECTOR STRUCTURE
We use two different two-color QWIP structures for the experiments described in this article. The first two-color QWIP, referred to as wafer structure A, consists of 36 periods of coupled QWs sandwiched between a 0.5 m thick n ϩ -GaAs top contact layer ͑1ϫ10 18 cm Ϫ3 Si doping͒ and a 1.5 m thick n ϩ -GaAs bottom contact layer ͑5ϫ10 17 cm
Ϫ3
Si doping͒. Each period consists of a 40 Å GaAs well coupled to a 44 Å GaAs well through a 50 Å Al 0.28 Ga 0.72 As barrier and separated from the next set of coupled wells by a 200 Å Al 0.28 Ga 0.72 As/300 Å Al 0.22 Ga 0.78 As step barrier. All the wells are uniformly doped ͑5ϫ10 17 cm Ϫ3 Si doping͒ and the barriers undoped. The entire structure is grown on a semi-insulating GaAs substrate by molecular beam epitaxy ͑MBE͒. We will describe the second detector structure in Sec. V because its design is based on the results obtained from wafer A in Sec. IV.
At zero bias, the 40 Å wide left QW ͑LQW͒ has two bound states separated by 116 meV ͑ϭ10.7 m͒ while the 44 Å wide right QW ͑RQW͒ has a bound state and an extended state with an energy difference of 151 meV ͑ϭ8.2 m͒. The conduction band diagram of this detector under an applied bias is shown in Figs. 1͑a͒-1͑b͒ . We apply V b to the top contact while keeping the bottom one grounded. For positive bias, electrons are transferred from the ground state of the LQW to the ground state of the RQW by tunneling. When infrared radiation is coupled into this detector, electrons are photoexcited from the ground state of the RQW to the extended state above it. These photoelectrons are swept away by the electric field to produce a photocurrent. Thus, we expect to detect 8.2 m radiation for positive bias. For negative bias, electrons tunnel from the ground state of the RQW to that of the LQW and should allow the detection of 10.7 m radiation. It is important to note that for negative bias, these longer wavelength ͑lower energy͒ photoelectrons have to tunnel through a triangular barrier before contributing to photocurrent.
III. PARAMETER EXTRACTION

A. CQWIP processing
We processed a set of eight CQWIPs from wafer A with corrugation period Pϭ10, 15, 20, 30, 40, 60, 300, and 1200 m for extracting ␣ and g. The CQWIP structure is defined by photolithography and wet etching. The top and crosssectional views of a CQWIP with three corrugations is shown in Figs. 1͑c͒-1͑d͒ . t is the thickness of the top contact layer and active MQW layers that are etched away. Each CQWIP is 1200 m wide and 700 m long and has a 150 ϫ150 m 2 top contact pad. Au/Ge/Au ͑200/200/1500 Å͒ contacts were evaporated and then alloyed at 420°C for 5 s to form ohmic contacts to the top and bottom n ϩ -GaAs layers. Subsequently, the detector substrate was thinned down to about 200 m and then polished. As shown in Fig. 1͑d͒ , back illuminated normal incidence infrared light undergoes total internal reflection at the etched sidewalls to get coupled to the intersubband transitions in the MQWs.
B. CQWIP model
The CQWIP model used for extracting ␣ and g is described in great detail in Ref. 17 . Measured responsivity R is converted into normalized responsivity ͑NR͒ using NR( P) ϭR( P)/r d ( P), where r d is the ratio of the 77 K dark currents of a CQWIP with period P and a CQWIP with no corrugations ͑Pϭ1200 m in our case͒. We fit the following expression to our data: 
NR͑ P ͒ϭ
where h is the energy of infrared radiation and R 0 is CQWIP responsivity when P is very large. ␣, g, and R 0 are fitting parameters and tϭ2.8 m is the etch depth for the CQWIPs.
Variations in the amount of active detector material arising from processing nonuniformities are eliminated by using NR instead of R. These nonuniformities arise from small differences in slit width of photoresist or etching depth in different parts of the wafer. For the same nominal P, a detector with a smaller amount of active material will have a smaller dark current I d and a smaller photocurrent I ph . By using NR ( P)ϭR( P)/r d ( P)ϰI ph ( P)/I d ( P), we compensate all processing nonuniformities because r d is used for estimating the amount of active material left in a CQWIP after wet etching. For this method to work, wafer growth has to be uniform such that the current density is the same across the wafer. We measured 77 K dark current of 200ϫ200 m 2 mesas processed from different parts of wafer A and found them to be within 1% of each other. This demonstrates that the MBEgrown wafer is extremely uniform.
C. CQWIP dark current
The 77 K dark current I d of a few CQWIPs is shown in 
D. CQWIP photoresponse
Spectral responsivity R was measured for all the CQWIPs with different corrugation periods at Tϭ10, 40, and 70 K using standard ac lock-in techniques. The highest temperature at which R could be measured reliably is 70 K for positive bias and 40 K for negative bias. At temperatures higher than these, the large dark current flowing through the detector overloads the input stage of the lock-in amplifier. We show responsivity spectra of the Pϭ10 m CQWIP in Fig. 3 . For positive bias, the peak detection wavelength is 7.8 m at both 10 and 70 K. In addition to the 7.8 m responsivity peak, there are two small peaks at 6.8 and 8.2 m at 10 K and only a shoulder at 8.2 m at 70 K. For negative bias, the main responsivity peak is at 7.8 m for both 10 and 40 K. Apart from the 7.8 m peak, there are two small peaks at 6.8 and 8.2 m at 10 K. There is also a shoulder around 9.8 m for Ϫ4рV b Ͻ0 V that develops into a fourth peak at Ϫ5 V. At 40 K, the 6.8 and 8.2 m peaks are not resolved while the shoulder around 9.8 m at small negative bias becomes a well resolved peak at Ϫ5 V.
The line shape of the responsivity spectra of all the CQWIPs is similar to that of the Pϭ10 m CQWIP. We convert the responsivity data to NR using NRϭR/r d . Figure  4͑a͒ depicts typical NR spectra of CQWIPs with different corrugation period P at Ϫ3 V and 10 K. The largest NR is for the Pϭ10 m CQWIP and the smallest for the Pϭ1200 m one. NR decreases with P as expected because the average optical intensity in a corrugation decreases with increasing P. From Fig. 4͑a͒ , we obtain the value of NR at a fixed wavelength for different values of P. The results at Ϫ3 V and 10 K are plotted in Figs. 4͑b͒-4͑c͒ for different wavelengths. We fit Eq. ͑1͒ to this data and obtain ␣, g, and R 0 . The least-squares fit is shown with lines and we see that Eq. ͑1͒ fits the data well. We repeated this fitting procedure for different operating conditions and obtained fits as good as the ones shown in Figs. 4͑b͒-4͑c͒ . This indicates that the CQWIP model, which was originally proposed for one-color QWIPs, describes infrared absorption in two-color QWIPs satisfactorily. The deduced parameters ␣, g, and R 0 are presented in Sec. IV.
IV. DETECTOR PARAMETERS
A. Absorption coefficient ␣
The absorption coefficient ␣ obtained from the extraction procedure is plotted for different positive bias voltages in Fig. 5 . At 10 K, ␣ has a small peak at 6.8 m and increases with for Ͼ7 m and V b р3 V. At V b ϭ4 and 5 V, there are two small peaks at 6.8 and 8.5 m, while at V b ϭ6 V there are three small peaks at 6.8, 8, and 9.8 m. At 70 K, we observe ␣ has a small peak around 7 m for all values of V b , a larger peak around 10 m for V b у3 V, and a very small peak around 8 m for V b у4 V. The deduced spectra of ␣ under negative bias are shown in Fig. 6 . There is a small absorption peak at 6.8 m for all negative voltages. For ͉V b ͉р4 V, ␣ has a second broad peak around 8.5 m. For ͉V b ͉у5 V, this 8.5 m peak disappears while another peak emerges at 10 m. This 10 m peak has a large longwavelength tail. At 40 K, there is an absorption peak around 6.8 m, a second peak around 8 m for ͉V b ͉у2 V, and a third peak at higher wavelengths around 10.5 m for ͉V b ͉ у3 V. Figures 5 and 6 show a number of small peaks in the spectrum of ␣. reduction of ␣ as V b was increased from 1 to 5 V for a QWIP with a peak detection wavelength of 8.4 m. For a 9 m QWIP, Liu et al. 18 found an 11% reduction in absorbance as V b was increased from 0 to 5 V. Both groups attributed their results to the depletion of electrons in the QWs under an applied bias. Our results, therefore, indicate that the total number of electrons in the QW pair does not change with bias in the Ϫ6 to 6 V range.
Figures 5 and 6 also show, within the limits of error, that ␣ practically does not change with T at the same V b except for the 6.8 m peak at V b ϭϪ1 V. For an 8.4 m QWIP, Choi et al. 17 found a 14% reduction of ␣ as T was decreased from 70 to 10 K. Their observation was explained by finite carrier freezeout at low temperatures. The lack of any T dependence of ␣ in the 10-70 K range in our QWIP, therefore, implies insignificant carrier freezeout.
If there is significant electron transfer between the coupled QWs under an applied bias, the absorption spectrum ␣͑͒ should exhibit distinct peaks around 8.2 and 10.7 m for positive and negative bias, respectively. For most operating conditions, ␣Ϸ0.1-0.2 m Ϫ1 is approximately constant in the 6 -12 m wavelength range. Also, there are small peaks in ␣ at both short ͑Ϸ8 m͒ and long ͑Ϸ10 m͒ wavelengths for both bias polarities. This suggests insufficient transfer of electrons between the coupled QWs under an applied bias. We ascribe this to the small voltage drop between the coupled QWs. The coupled wells have a 50 Å AlGaAs barrier between them and are separated from the next set of coupled wells by a 500 Å AlGaAs step barrier. Voltage division between these two barriers leads to less than 10% of the voltage drop across each period of the MQW to drop between the coupled QWs. For example, at V b ϭ6 V, only 15 mV drops across the 50 Å barrier between the coupled wells out of the 160 mV that drops across each period of the MQW.
B. Photoconductive gain g
The deduced values of detector gain g are plotted in Fig.  7 for different operating conditions. g has a very pronounced peak at 7.8 m for both bias polarities in the temperature range 10-70 K. For positive bias, g decreases sharply for Ͼ7.8 m and is zero for Ͼ10 m. However, for negative bias, g decreases slowly beyond 7.8 m and does not go to zero for long wavelengths. There is a distinct shoulder around 9.5 m that becomes a small peak at Ϫ5 V and 40 K ͑not shown in Fig. 7͒ . It is also clear from Fig. 7 that for V b Ͼ0 V, g increases almost linearly with V b up to 5 V at 10 K and 4 V at 70 K and then saturates. For V b Ͻ0 V, g increases sharply with increasing ͉V b ͉ up to Ϫ3 V at both 10 and 40 K and saturates at higher negative voltages. The pronounced peak in gain at 7.8 m and the relatively wavelength insensitive ␣ lead to the bias independent 8 m peak detection wavelength. From Figs. 3 and 7 , we see that the line shape of R is determined by the line shape of g. The peak value of g ͑Ϸ0.03͒ implies that photoelectrons from one QW, on the average, travel just one period in the MQW structure before being captured by another QW.
The presence of the 7.8 m peak in gain for all biases and the lack of any peak in g around 10.7 m for negative bias can be explained as follows. The 7.8 m peak corresponds to the bound-to-continuum transition in the RQW, whereas the peak at 10.7 m, which is absent for V b Ͻ0 V, is from the bound-to-bound transition in the LQW ͓see Figs. 1͑a͒-1͑b͔͒. Once photoexcited, the short wavelength electrons are swept away by the electric field while the long wavelength photoelectrons have to tunnel through a triangular barrier before being swept away by the electric field to form a photocurrent. Therefore, the gain of the short wavelength photoelectrons is much larger than that of the long wavelength ones. Consequently, there is a 7.8 m peak in gain at all voltages and no peak around 10.7 m for negative bias.
C. R 0
The third detector parameter R 0 , which accounts for the experimentally observed nonzero responsivity of CQWIPs with very large P, is shown in Fig. 8 T and very similar bias dependence at all temperatures. These observations, similar to that of Chen et al. 16 and Choi et al., 17 indicate that R 0 arises from the same intersubband transitions in the MQW that lead to R. R 0 is attributed to the responsivity from the p-polarized light reflected from the two mesa edges that are perpendicular to the corrugations.
V. ENHANCED ELECTRON TRANSFER BETWEEN COUPLED QWs
In the previous section, we found that detector A has the following problems: ͑i͒ insufficient electron transfer between the coupled QWs under an applied bias, and ͑ii͒ low tunneling probability, and hence, low gain of the longer wavelength photoelectrons. To enhance electron transfer, a larger potential difference is needed between the coupled wells. This can be achieved by growing a thicker AlGaAs barrier between the QW pair. The tunneling probability and photoconductive gain of the longer wavelength photoelectrons can be increased if a thinner Al 0.28 Ga 0.72 As layer is used in the step barrier between the adjacent periods in the MQW. We designed and fabricated a new detector based on these considerations.
A. Structure
The new QWIP structure, grown on a semi-insulating GaAs substrate by MBE and referred to as wafer structure B, consists of 36 periods of coupled QWs sandwiched between top ͑0.5 m thick, 1ϫ10 18 cm Ϫ3 Si doping͒ and bottom ͑1.5 m thick, 5ϫ10 17 
B. Responsivity
We processed 45°-edge coupled QWIPs from wafer B for detector characterization. 200ϫ200 m 2 mesas were defined by photolithography and wet etching. A 1500 Å thick layer of AuGe alloy was evaporated and then alloyed at 420°C for 5 s to form ohmic contacts to the top and bottom n ϩ -GaAs layers. 45°edges were then polished on the sides of the samples to couple infrared radiation to the intersubband transitions in the MQWs.
The responsivity of these 45°edge coupled detectors was measured at 10 K in the 6 -12 m wavelength range. The responsivity spectrum of a typical detector is depicted in Fig. 9 . For positive bias up to 3 V, there is a pronounced peak at 8 m and small peaks at 6.4, 7.3, and 10.3 m. At V b ϭ4 V, the 7.3 and 10.3 m peaks are not resolved in R although there is a shoulder at 7 m. For small negative bias up to Ϫ1 V, there are two broad peaks centered at 8.2 and 9.7 m and a small peak at 6.3 m. At higher negative bias, the 8.2 m peak develops into two peaks. One of these peaks shifts down to 7.9 m and its position is independent of the bias voltage. The other peak shifts to higher wavelengths with increasing bias and is centered at 8.7 m for Ϫ3 V. The second broad peak at 9.7 m for Ϫ1 V also shifts to higher wavelengths with increasing V b and is at 10.5 m for Ϫ3 V. The small peak at 6.3 m is independent of V b for Ϫ4 рV b рϪ1 V.
C. Calculated absorption spectrum
We calculated the energy levels and wave functions of structure B for different values of V b using the transfer matrix method. 1 At zero bias, the lowest levels E 1 and E 2 are 2 meV apart with E 1 in the RQW and E 2 in the LQW. Both the wells are occupied. The Fermi energy E F is 6 meV for the two-dimensional electron density n 2D ϭ2.8ϫ10
11 cm Ϫ2 in each unit of the MQW. For positive bias, the separation between E 1 and E 2 increases. When the energy difference exceeds 10 meV, all the electrons should be in the RQW with E F ϭ10 meV. This is the case at V b ϭ3 V where E 2 is 30 meV above E 1 . For negative bias, E 1 is in the LQW and its separation from E 2 in the RQW increases with ͉V b ͉. At V b ϭϪ3 V, E 1 is 25 meV below E 2 . Thus, all the electrons should be in the LQW with E F ϭ10 meV.
The oscillator strength of optical transitions from the ground state of each QW to the excited states is obtained from the computed wave functions. Then we calculated the absorption spectrum under the assumption that there is complete electron transfer under an applied bias and that each individual transition is inhomogeneously broadened. Random fluctuations in material parameters like the well width and the barrier height cause inhomogeneous broadening of intersubband transitions. 19 The broadened line shape considered here is Gaussian. A standard deviation of 8 meV was found to give the best fits to the peak positions in responsiv- ity. The calculated absorption spectra ␣͑͒ are shown in Fig.  10 for V b ϭ3 and Ϫ3 V.
D. Discussion
If there is complete transfer of electrons between the QWs under an applied bias, the peak positions in the responsivity spectrum R͑͒ should match the peak positions of ␣͑͒. The relative sizes of the responsivity peaks need not be the same as that of ␣͑͒ because responsivity depends on both ␣͑͒ and energy dependent photoconductive gain g. At V b ϭ3 V, there are three peaks in ␣͑͒ at 6.3, 7.3, and 10.6 m. The 6.3 m peak is a combined result of E 1 →E 11 and E 1 →E 12 transitions. Since E 1 is in the RQW, we call the E 1 →E 11 transition R11. The 7.3 m peak comes from the combined R9 and R10 transitions while the 10.6 m peak is from the R6 transition. These three peak positions are in excellent agreement with the observed R͑͒ peaks at 6.3, 7.3, and 10.3 m. The fourth responsivity peak at 8 m is, however, not seen in calculated ␣͑͒. It is most likely due to the shifted R9 transition in the actual growth structure. At V b ϭϪ3 V, ␣͑͒ has four peaks at 6.1, 7.3, 8.9, and 10.5 m due to L13, L10, L7, and L6 transitions, respectively. These peak positions match well with the peaks in R͑͒ at 6.3, 7.9, 8.7, and 10.5 m. Based on this good agreement between the peak positions of measured R͑͒ and calculated ␣͑͒, we conclude that there is significant electron transfer between the QW pair.
Despite the efficient electron transfer, the short wavelength peak is present in detector B at all voltages. There are a number of excited states in the detector for both positive and negative bias. From Fig. 10 , we observe that the short wavelength absorption peak is inherent to this detector structure. The 7.3 m peak in ␣͑͒ is only two thirds the size of the 10.1 m peak and half the size of the 8.9 m peak. Therefore, even after complete electron transfer between the coupled QWs, the short wavelength peak is present in the responsivity spectrum for both bias polarities. Thus, despite efficient electron transfer at negative bias, the similar oscillator strength of transitions from the ground state in the LQW to the excited states for both short and long wavelengths continues to limit the wavelength tunability of this detector design. Further improvement would require wave function engineering to reduce ␣ at shorter wavelengths for negative bias voltages.
VI. CONCLUSION
In conclusion, we have investigated the presence of the shorter wavelength peak for both bias polarities in a twocolor QWIP that is based on transfer of electrons between coupled QWs under a bias. We fabricated detectors with 50 or 200 Å AlGaAs barriers between the coupled wells. The first structure, with 50 Å barriers, exhibits a bias independent peak detection wavelength at 8 m but a voltage tunable cutoff wavelength. We used CQWIPs with different corrugation periods to extract ␣ and g in the bias range from Ϫ6 to 6 V and temperature range 10-70 K. We found a number of small peaks in the spectrum of ␣. However, the value of ␣ is between 0.1 and 0.2 m Ϫ1 in the 6 -12 m range for most values of V b and T that indicated insufficient electron transfer between the coupled QWs. We also found a pronounced peak in g at the shorter wavelength for all values of V b and T. The absence of a longer wavelength peak in g for negative bias is attributed to the low tunneling probability of the longer wavelength photoelectrons. Based on these results, we concluded that a thicker AlGaAs barrier between the QW pair should enhance electron transfer. We therefore fabricated the second detector with 200 Å thick AlGaAs barriers and observed significant electron transfer between the QW pairs. Despite efficient electron transfer, the shorter wavelength peak is always present in the second detector due to significant short wavelength absorption in both quantum wells. 
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